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EFFICIENT, LOW-COST FAN SYSTEM RESEARCH 
FOR GENERAL AVIATION & COMMUTER AIRCRAFT 


ABSTRACT 


Research investigations conducted by Advanced Propulsion Inc., which were intended 
to validate efficient, low-cost fan system concepts, are described in this report. 
The report briefly describes the broad range of applicability of the fan system 
investigated. It defines the expected benefits the fan system would have on new, 
advanced turbofan engines for specific, lower-speed aircraft applications. The overall 
concept is shown to apply specifically to future general aviation and commuter aircraft 
optimized for relatively short-range missions and to typical cruising flight speeds in the 
range of 200 to 400 knots. 


Basic fan design premises are defined that are intended to yield high efficiency level in 
terms of both stage adiabatic efficiency and turbofan engine propulsive efficiency at 
lower flight speeds than are now addressed with turbofan propulsion systems designed 
specifically for executive and commercial jet aircraft. 


The premises include system and mission optimized fan pressure ratio ranges for the 
range of relevant flight speeds of future general aviation private aircraft and low-density, 
shorthaul airliners that are commonally referred to as commuters. The premises also 
include the use of current state-of-the-art aerodynamic loading parameters yielding 
velocity triangles that are veiy similar to those of current, high pressure ratio, transonic 
stages in larger turbofans. Such premises are shown to yield very low fan rotational 
speed versus current practice. In turn, this is shown to yield high potential for use of 
substantially different materials and mechanical design criteria that can result in 
dramatically lower manufacturing cost. 


Materials, manufacturing, stress, vibration, bird-strike and erosion investigations are 
reported that sought low-cost solutions for the fan rotor design, given the unique, 
low-speed characteristics of the predicated fan design. The materials investigations 
included fiber reinforced plastics and commercially available aluminum alloys. The 
manufacturing investigations included injection molded blading, precision forged blading 
with blade-root machining and forged/numerical controlled machined integral wheel 
(blisk) processing. The aluminum alloy blisk rotor configuration is reported to have the 
best combination of overall performance, including one and four-pound bird strike 
capability and lower manufacturing cost. The fan stator system, mechanically integrated 
with the engine front frame, is described to be most suitable as an assembly of 
aluminum precision investment cast components having minimal machining. 

The report describes parametric aerodynamic design analyses that yielded 91 + percent 
adiabatic efficiency for a 1.10 pressure ratio, 38.5 pound-per-second fan for a 200-knot- 
class small turbofan. These results obtained with the USAF UDO300 code suggests 
that, with follow-on use of an advanced computational aerodynamics code and with a 
comprehensive component development program, adiabatic efficiencies in the range of 
92 to 93 percent may be obtained over the ranges of predicated pressure ratios from 
1 .08 to 1 .35 and flows from 38 to 1 50 pounds per second. 


The report ends with the Advanced Propulsion Inc. conclusions that the investigations 
carried out in this program substantially validated optimistic preliminary design premises 
used in prior systems/mission analyses on the applicability of turbofan propulsion to 
lower-speed general aviation and commuter aircraft. 
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EFFICIENT, LOW-COST FAN SYSTEM RESEARCH 
FOR GENERAL AVIATION & COMMUTER AIRCRAFT 


1.0 INTRODUCTION 

The National Aeronautics and Space Administration and the Federal Aviation 
Administration have missions to facilitate advances in technologies applicable to 
General Aviation (GA) and Commuter (low-density, shorthaul) aircraft. It is widely 
perceived that propulsion for these aviation segments is barrier technology. Exactly how 
significant improvements can be achieved constitutes a pivotal issue. 

Definite needs exist for major improvements in propulsion/aircraft performance, fuel 
efficiency, reduced community noise, lowered chemical emissions, increased reliability 
and integrity, reduced cabin noise and vibration and dramatically reduced operating ana 
ownership cost. These are, in fact, the essential improvements that mission-optimized, 
high bypass ratio turbofans have provided over the past few decades for commercial 
and executive aviation segments. Turbofan propulsion is now the definitive means of 
propulsion for all aircraft except those that are the subject of this investigative research 
effort. It is a reasonable assumption that similarly mission-optimized turbofans could 
yield similar benefits for general aviation and low-density shorthaul aviation. 

During the period 1984 to the present, Advanced Propulsion Inc. has performed 
broad ranging, internally-funded studies based upon this assumption. The studies 
include turbofan engine and airplane conceptual and preliminary design, comprehensive 
mission and tradeoff analyses and in-depth cost/business analyses. More than twenty 
different engine/airplane/mission combinations have been evaluated in these studies, 
including single and twin-engine private light airplanes, work airplanes such as crop 
application airplanes and package freighters, as well as low-density shorthaul airliners 
ranging from twelve to forty four seats. The results of these studies have been very 
positive in terms of the potential of mission-optimized turbofans yielding major 
improvements versus all the needs cited above. 

In order to proceed with further technical and business developments it is prudent to 
further validate the assumptions and premises of the studies. Fan system design is a 
key element of Advanced Propulsion Inc. validation efforts for reasons made clear in 
the body of this report. In turbofan engines, the fan system design involves nearly all of 
the aircraft system-level tradeoff and optimization analyses. It is key in all the propulsion 
system weight, drag and fuel efficiency tradeoffs, in all the aircraft performance trades 
and in the final economic analyses of new aircraft products. The predications and 
premises of the investigations conducted in the present research were derived from the 
systems studies previously conducted by Advanced Propulsion Inc. This report and its 
conclusions show that the work has yielded a higher level of confidence in the fan 
system design fundamentals that were addressed. 

2.0 TECHNICAL PREMISES OF THE RESEARCH 

The overreaching, implied premise of the investigation is that internal momentum 
exchange propulsion-turbofan jet propulsion can be superior, in the several ways 
described above, to open propeller propulsion in applications having as little as 200 to 
400 knots design flight speeds. (There is a general technical concensus that 
open-propeller propulsion is more fuel-efficient at these speeds and is an essential 
imperative for aircraft of this class.) There are no engine/aircraft examples flying that 
tend to substantiate this turbofan premise. There are no known turbofans 
mission-optimized for 200 knots cruise speed. 
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The first technical premise of the present study is that the fan design effort is 
addressed to aircraft having cruise speeds/altitudes in the shaded box of Figure 1 . 

The second technical premise is concerned with the selection of fan pressure ratio, a 
principle determinant of turbofan engine propulsive efficiency. 

The ongoing systems and mission analysis work of Advanced Propulsion Inc. deals 
with the separate elements of overall propulsion system efficiency: 

O CYCLE THERMAL EFFICIENCY 

o PROPULSIVE EFFICIENCY 

o SYSTEM WEIGHT EFFICIENCY 

o SYSTEM DRAG EFFICIENCY 

There are numerous interrelationships between these efficiency elements and 
between the component and engine design variables that affect them. Furthermore, 
there are numerous interrelationships between the engine elements and design 
variables and the aircraft design for which the new propulsion system is intended. A 
rigorous, systematic approach is required in order to define all the design variables that 
quantify a best set that meets the overall propulsion system efficiency goals and the 
aircraft size, performance and cost goals. 

Fan pressure ratio is one of the engine design variables that affect the propulsive 
efficiency element. Selection of the best fan pressure ratio for an aircraft design cruise 
flight speed involves numerous tradeoffs relating to engine size, weight, nacelle drag 
and cost. Advanced Propulsion Inc. has made those trades for numerous aircraft point 
designs having design cruise speeds between 200 and 400 knots. The best solutions 
fall approximately on a line of pressure ratio versus cruise speed that represents a 
constant fan-jet ideal propulsive efficiency of 80 percent. 

This fan pressure ratio versus aircraft design cruise speed relationship is illustrated 
in Figure 2. The term, ideal propulsive efficiency, is defined on this figure. 




FIGURE 1. Aircraft performance envelope. FIGURE 2. Fan pressure ratio vs speed. 
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2.1 FAN DESIGN BASELINES 


Initial proposal baselines for the fan design were further refined as definitive baselines 
for the investigation. A representative fan stage was selected that would yield the 
broadest applicability of the study results. The stage was adapted from prior general 
aviation and commuter system study results. The design parameters were selected to 
yield very high bypass ratio turbofans suitable for airplanes having design cruise speeds 
from 200 to 300 knots. The stage is intended to be uprated in increments of flow and 
pressure ratio as a function of fan speed (rpm) and to be scaleable over a broad range. 
Because the smallest of the potential applications represents the toughest case for 
meeting efficiency and production cost goals, it was elected to study a fan sized at 19 
inches diameter and corrected flow less than 40 Ib/sec. The following table lists data on 
the selected fan and one representative uprated derivative, and Figure 3 illustrates the 
basic configuration and additional data. 


FAN CONFIGURATION 


BASELINE 


UP RATE 


AIRPLANE SPEED CLASS 
ENGINE THRUST CLASS 
FAN FLOW 

FAN PRESSURE RATIO 

TIP SPEED 

SPEED 

TIP DIAMETER 
INLET HUB/TIP RATIO 
BLADE ASPECT RATIO 
BLADE /STATOR VANE NUMBERS 


200-KNOT 

500-LB 

38.45 LB/SEC 
1.10 
734 FPS 
8844 RPM 
19.00 IN 
0.316 
1.88 
17/27 


300 -KNOT 
800-LB 

47.18 LB/SEC 
1.19 
983 FPS 
11, 847 RPM 
19.00 IN 
0.316 
1.88 
17/27 



A*n-M6.tS d 
V»>M4 fpm I 


#7.150 | 
#5.000 


ROOT t/c-0.10 
TIP t/e-0.04 
Aroot/At ip*2. 15 
IN ALUMINUM: 
AIRFOIL C. F . *4775 lb 
AIRFOIL C.F.-8566 lb 
ROOT C . F . /A*6 . 03 KSI 
ROOT C.F./A-10.82 KSI 
IN PLASTIC: 

AIRFOIL C.F. *2865 lb 
AIRFOIL C.F.-5140 lb 
ROOT C.F ./A*3 .62 KSI 
ROOT C.F./A-6.50 KSI 



(6844 rpm) 
(11.847 rpm) 
(8844 rpm) 
(11.847 rpm) 

(8844 rpm) 
(11.847 rpm) 
(8844 rpm) 
(11,847 rpm) 


FIGURE 3. Baseline fan configuration for aerodynamic design analyses and 
manufacturing process/cost studies. 
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The initial, design-point velocity triangles for the baseline and uprated stages are 
shown in Figure 4. The close similarity in the triangles confirm that only flowpath 
adjustments will be required to accomplish both the baseline and the uprated version 
with the same set of rotor and stator blading. The rotor tip relative Mach number is 
subsonic on both stages, and the rotor is shown to have about 50 degrees of hub 
turning in both stages. The aerodynamic loadings, in terms of diffusion factor and other 
such empirical factors, are similar to the larger transonic fans in executive jets and 
commercial airliners. Considering these factors, the rational adiabatic efficiency goal for 
these stages is 92 percent. 


BASELINE TIP 


dVw= 128 FPS 
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UPRATE TIP dVw=172 FPS 



BASELINE HUB 




FIGURE 4. Velocity triangles for study baseline and uprated fan stages. 


It should be noted that although the sea level static thrust of the uprated engine is 
about 1 .8 times the baseline engine, the thermodynamic power is about 2.25 times as 
great. The increased flow and pressure ratio of the fan correlates directly with this ratio. 


For purposes of this investigation, complete nacelle and bypass-duct system 
flowpaths were modeled for both the baseline and uprated fan stages. The initial layout 
of the geometry used in the aerodynamic analyses is depicted in Figure 5. The study 
baseline is shown above the centerline and the uprated version is shown below the 
centerline. The gas generator section length differs between the baseline and the 
uprated version by 1.75 inches. The baseline engine bypass ratio is 18.6, and the higher 
performance uprated engine is about 13.5. This difference is reflected in the 
core/bypass splitter and the core inlet flowpath geometries. 

Both flowpath layouts depict variable-geometry, two-position fan jet nozzles. Thus 
far, it has not been determined by engine and aircraft takeoff, climb and cruise 
performance analyses that the two-position nozzle system is an essential feature for 
good performance matching. A full set of engine component off-design maps will be 
required to obtain adequate performance data to make the determination. 
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BASELINE FAN/ENGINE ABOVE CENTERLINE 
CRUISE OPTIMIZATION 193 KT / 23,000 FT 



FIGURE 5. Fan system flowpath layouts of baseline and typical uprated turbofans. 
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UPRATED FAN/ENGINE BELOW CENTERLINE 
CRUISE OPTIMIZATION 256 KT / 30,000 FT 



3.0 LOW-COST MANUFACTURING INVESTIGATIONS 


System studies on general aviation and commuter aircraft are conclusive-substantial 
cost reductions are required in gas turbine propulsion systems if general aviation and 
commuter customers are to have the enormous benefits of turbine propulsion. 
Advanced Propulsion Inc. has determined that there are numerous cost reduction 
opportunities in predicating new propulsion product lines for these markets. The use of 
new, lower-cost materials and manufacturing methods applicable to the new classes of 
is, of course, a fundamental imperative. The fan systems of these potential, new product 
lines present significant opportunities for advantageous changes in design and 
manufacture. Larger, more robust fan systems, both rotor and stator elements, and 
much lower rotor tip speeds are the enabling factors for the future 200 to 400 knot class 
aircraft propulsion systems that are the subject of this investigation. The change from 
titanium fan rotors to aluminum or reinforced plastic (composites) has a potential for 
cost reduction up to a factor of ten. A further substantial cost reduction potential exists 
for use of these materials in an integrated assembly of fan stator and front frame. 

The investigative approach for the present study was to design a 1 7-bladed fan rotor 
and a 27-vaned bypass stator/front frame assembly. Such designs could alternatively 
use aluminum alloys or fiber reinforced plastic, and be produced by relevant high 
volume rate means. 

In the case of aluminum, the rotor could have loose blades and a separate rotor hub. 
The blades would be precision forged to finished dimensions on all surfaces except the 
dovetail attachment which would be NC machined. Alternatively, the rotor could be an 
integrally-bladed (blisk) configuration. Preliminary manufacturing drawings were 
prepared for these two configurations. These drawings, Figure 6 and Figure 7, were 
evaluated by several engine parts suppliers. Two clearly best quotations were obtained. 

In the case of plastic, an extensive review of candidate materials and production 
methods was made. The continuous fiber layup method was rejected on the basis much 
higher cost than the precision injection molding alternative. For the injection molding, a 
proprietary, graphite fiber/fluorocarbon reinforced polyamide-imide resin was selected 
on the basis of its having adequate mechanical and heat resistant properties for this 
application. The drawing prepared for vendor review and quotations is show in Figure 8. 

The lowest quotation on the precision forged blade candidate was $86.00 each at 
volume rates of 2000 per month, with one-time $93,700 tooling charge. The cost was 
estimated for the forged aluminum, NC-machined hub, assembly and balancing for a 
total rotor cost of approximately $2500.00. A further estimate was made of the stator 
elements of a precision investment cast front frame, and the total fan system cost was 
totaled at about $4000.00 in quantities greater than 1000 units per year. Advanced 
Propulsion Inc. estimates that this is about 20 percent of the cost a similar-size titanium 
fan system on a typical low-volume turbofan engine produced for executive jets. 

The lowest quotation on the blisk configuration was a ROM estimate of less than 
$2200.00. Advanced Propulsion Inc. performed cost analyses on its own propritary NC 
machining and tooling concept. With these methods, total rotor cost is estimated at 
$1740.00 at production rates between 1000 and 4000 units per year and total fan 
system cost was estimated at $3800.00 per unit. 

The supplier of the proprietary injection molded plastic spent substantial effort in 
preparing a molded fan blade proposal. Engineering discussions suggested a potential 
unit price in the area of $25.00. In a separate business decision, the supplier finally 
declined to submit their quotation. The limited scope of this project prevents further 
development of injection molded plastic alternatives, despite the low-cost promise. 
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FIGURE 6. Precision forged fan blade preliminary manufacturing drawing. 
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FIGURE 7. Forged aluminum, NC-machined blisk preliminary manufacturing drawing. 
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FIGURE 8. Precision molded Torlon fan blade preliminary manufacturing drawing. 
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4.0 AERODYNAMIC DESIGN AND ANALYSIS 

The aerodynamic design and analysis effort was structured to carefully follow the 
design premises of the baseline stage preliminary design described in Paragraph 2.0 
and 2.1. The following is a partial list of the many parameters incorporated in the 
design/analysis model: 

o Design Corrected Flow, 38.45 Ib/sec 
o Design Point Pressure Ratio, 1.10 
o Inlet Axial Velocity, 294 ft/sec 
o Inlet Hub/Tip Ratio, 0.316 
o Inlet Tip Diameter, 1 9.00 in 
o Rotor Corrected Tip Speed, 734 ft/sec 
o Rotor Corrected Speed, 8844 rpm 
o Rotor Blade Aspect Ratio, 1 .88 
o Blade Root Thickness/Chord, 1 0 percent 
o Blade Tip Thickness/Chord, 4 percent 
o Number of Rotor Blades, 17 
o Stator Vane Aspect Ratio, 1 .8 
o Number of Stator Vanes, 27 

The commonly-used U.S. Air Force compressor design program, UD0300M, was 
used to model and perform parametric analyses on the baseline fan stage. (The version 
of the code obtained from the Air Force lacked an output data plotting routine and did 
not include provision for splitting core/bypass flow ahead of the fan stator. Writing new 
code, Advanced Propulsion Inc. was able to correct the latter deficiency but not the 
former.) 

Initial runs of the baseline stage configuration clearly demonstrated that the 
preliminary design was valid. Appendix A of this report is a complete output of one of 
these runs showing over 90 percent isentropic efficiency. 

It was originally planned to perform a broad range of parametric analyses, including 
variable parameters such as diffusion factor, aspect ratio, rotational speed, finish and tip 
clearance. The continuing difficulties in using UD0300M made this impractical, and high 
efficiency predictions in the early results obviated the need. 

The parametrics that were performed were encouraging however. For example, 
modelled with substantially higher axial velocity and lower diffusion factors, the stage 
was shown to drop about 1 .5 percent in efficiency. This demonstrated that the initial 
baseline is essentially correct. In a later effort, rotor hub contouring was explored, 
resulting in a stage efficiency increase of about one percent. This put adiabatic 
efficiency near the 92 percent efficiency goal. 

The final blisk rotor configuration with the beneficial hub modification is shown in full 
scale in Figure 9. 

It is essential that low pressure ratio fans for lower flight-speed airplanes have good 
operating characteristics, including high surge margins at the design point, broad 
efficiency islands and broad flow range between surge and choke. In an initial 
evaluation, the baseline stage was shown to have these desireable characteristics. 

The limited scope of this program prevented full development of a definitive fan stage 
aerodynamic design. The program did achieve a well developed go-foward baseline and 
the analytical results yielded high confidence in the potential to achieve 92-to-93 
percent efficiency with implementation of a computational fluid dyanamics design effort. 
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FIGURE 9. Final blisk rotor configuration from aerodynamics design/analysis effort. 
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5.0 MECHANICAL DESIGN AND STRUCTURAL ANALYSIS 

The mechanical design and structural analysis task element of the program was 
structured as an extensive preliminary design review. It covered essentially all design 
suitability elements applicable to the fan system of a FAR Part 33 certified turbofan 
engine. To assure that the low-cost, efficient fan system designed in this program is 
valid in terms of stringent engine mechanical design criteria, the effort was 
comprehensive. The list of criteria examined in this program is provided in Figure 10. 

The ability of the fan system design to meet one-pound and four-pound bird strike 
criteria for FAA certification is of utmost significance. It is the usual concensus that only 
carefully designed and tested, larger titanium fans on engines for executive and 
commercial aircraft can meet this test. Advanced Propulsion Inc. has determined by 
extensive analyses that the aluminum, blisk-configuration fan defined in this program 
will also meet the criteria and pass the one-pound and four-pound bird strike test. 

The Figure 11 through Figure 16 show the detailed bird strike evaluation methods 
and results. The material presented in these figures is comprehensive and self 
explanatory. It should be noted, however, that the blisk material of choice was 
changed from aluminum alloy 6061 -T6 to alloy 7075-T73 in order to provide 
substantially greater stress margins for bird strike events and increased fatigue life. 

The low blade rotational and relative velocities of the low-cost, efficient fan system 
design are important factors in the ability to meet bird strike criteria. This same feature 
of the design contributes to its remarkable resistance to rain and sand erosion. A similar 
amount of work was done on the erosion problem, but this work is not presented in 
detail in this report. The basic result is that the low-speed aluminum fan calculated 
erosion rate is almost exactly equal to the rate on conventional high-speed titanium 
fans. Also, it was concluded that the performance degradation effects will be less on the 
aluminum fan because the airfoils have more robust thickness/chord ratios and 
leading/trailing edge thicknesses, plus, the fact they operate in the low-to-medium 
subsonic range--not the transonic/supersonic range of typical titanium fans. 

The blade airfoils were modelled for extensive computer stress, deflection and 
vibration analysis under dynamic and aerodynamic loads. The results provided in 
representative plots included in Appendix B show that the current design is a 
conservative, successful design. A further indication of this is illustrated in the classic 
Campbell Diagram depicted in Figures 17 and 18. The various vibratory modes are 
exactly where they are desired to be versus the rotational speed scale. Figure 17 
through Figure 22 show the methods and results of the analyses of vibration margins, 
low cycle fatigue and high cycle fatigue. The predicated Installation Manual (IM) limits 
distortion limits are well above typical field distortion. The overall structural analysis 
results indicate the low-cost, efficient fan design is conservative and successful. 

The precision-forged, loose-bladed configuration and the reinforced plastic 
configuration, as well as the aluminum blisk, were carried through the entire structural 
analysis task. A complete dovetail design/analysis effort was conducted for both the 
aluminum and plastic blades, enabling the loose-bladed option to be exercised if it were 
determined to be the low-cost option. (The blisk configuration was finally selected.) 

One of the principal goals of the mechanical design and structural analysis tasking was 
to assure that the design met a fan system weight goal of less than 1 5 pounds. The goal 
was achieved. The solution fan rotor blisk weighs an estimated 9 pounds and the stator 
elements of the front frame assembly weigh 5 pounds. The total estimated weight of 14 
pounds is about one-third the weight of a conventional, constant-speed propeller system 
capable of absorbing the same 200+ horsepower load. 
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FIGURE 10. Structural design criteria and requirements list for low-cost fan system. 
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FIGURE 11. Bird slicing at 100 knots -- (maximum MVn at 100 knots). 
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FIGURE 13. One-pound bird strike, 7.68-in radius, 8844 rpm — two critical regions. 
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FIGURE 14. One-pound bird strike, 7.68-in radius, 8844 rpm - shear stress vs chord. 
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FIGURE 15. Bird loading would be 
much higher at typical titanium fan 
tip speed of 1 468 fps than on 
the low-cost aluminum fan 
for lower-speed aircraft. 
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FIGURE 16- Shear stress margin is higher on low-cost aluminum fan than on a 
conventional, high tip speed titanium fan for 0.8 Mach aircraft. 
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FIGURE 21. Aluminum blade meets 50% criteria for high cycle fatigue at IM limits. 
Add shot peen processing for increased robustness. 
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FIGURE 22. Composite blade has high vibration margin. IM limits have factor of three. 
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6.0 FAN-TECHNOLOGY APPLICATIONS AND BENEFITS 


The efficient, low-cost fan system as defined in this investigation is applicable to 
turbofan engines in the 500-to-5000 pound thrust range, mission-optimized for shorter- 
range, lower-speed aircraft. General aviation and low-density, shorthaul aircraft 
represent about eighty five percent of all aircraft in the world. Their missions specifics 
are such that 200 to 400 knots is the pertinent cruise speed range. Turbofans of much 
lower fan pressure ratio, and higher consequent bypass ratio, are required for optimal 
aircraft mission performance in this cruise speed range. 

The prior general aviation private aircraft system studies conducted by Advanced 
Propulsion Inc. provide substantive evidence that fans of this kind are essential to meet 
future requirements for private aircraft takeoff, climb rate and cruise performance, fuel 
efficiency, 90% reduction in community noise and 95% reduction in cabin noise and 
vibration. 

6.1 LOW-DENSITY, SHORTHAUL AIRLINERS 

Typical missions for low-density, shorthaul airliners dictate performance 
optimizations for stage lengths ranging from 75 to 250 miles and payload/range 
capability to give three stages between fuelings. About 10,000 such airplanes in 
worldwide service have cabin capacities in destinct groupings; e.g., 8-12, 19, 30 and 
about 45 passengers. Airliners having greater capabilities than this so-called commuter 
class are properly termed regional airliners. 

Past low-density, shorthaul airliners are all powered by piston/propeller and 
turboprop propulsion systems made available by engine and propeller manufacturers. 
All these airplanes have cruising speeds in the range of 200 to 300 knots--essentially 
optimal for the shorter stage lengths on which they are used. 

Advanced Propulsion Inc. has conducted extensive system studies of optimized- 
turbofan propulsion for airliners having exactly the same capacity and performance 
capabilities as the past, existent world fleet. Figure 23 is a three-view drawing of a 19 
passenger study aircraft. It is annotated with a large amount of technical data. 

Figure 24 is a table comparing pertinent data on this preliminary design with data on 
two existent airliners having comparable capacity and performance in every aspect. The 
salient attributes of the turbofan-powered study airplane are that it is about 
three-quarters the weight of the turboprops and has about three-quarters the mission 
fuel consumption. Not shown on the chart are the estimates of 12 EPNdB lower takeoff 
and sideline noise and about 15 dB(A) reduction in cabin noise and vibration levels. 

The engine in this preliminary design would use a fan of the kind that is subject of 
this investigation. The 29-inch diameter fan would pass 118 Ib/sec of corrected airflow 
and have a pressure ratio of 1.145. The turbofan predicated has 1800 pounds thrust 
and a bypass ratio of about 15. This turbofan is merely typical of a variety of engines 
studied that are applicable to 200-to-300 knot class low-density, shorthaul airliners 
ranging from 12 to 66 passenger capacities. 

After two decades of growth in the regional-airline turboprop fleets, a sudden and 
unexpected change of course is underway. During the past four years, two new 
turbofan-powered, 50-passenger regional jets have come to dominate this market, 
garnering orders for about 650 airplanes. Development of additional, smaller and larger 
turbofan-powered aircraft for the regional market have been announced. All of the new 
airplanes will be produced by overseas manufacturers. The U.S. producers that once 
dominated the small turboprop airliner markets are no longer major competitors. 
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JETLINER 19 (19-PAX COMMUTER) 



FIGURE 23- 1 9-Passenger low-density, shorthaul airliner preliminary design study. 
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19-PAX, 3-VIEW 
GENERAL ARRANGEMENT 




FIGURE 24. Favorable comparisons of 19-passenger turbofan study airplane with 
existent 1 9-passenger turboprop low-density, shorthaul airliners. 
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The explosive growth in the new, smaller regional jet market is accounted for by two 
principal factors. First, passenger acceptance is phenomenal. The airplanes are being 
used on some routes where passengers have come to expect turboprop service- 
service that has become increasingly unacceptable to travelers. Second, the airplanes 
are adequately low in total operating cost on stage lengths averaging 300 miles or 
greater. Although the turbofan engines on the small regional jets are all optimized for 
0.80 Mach in the stratosphere, they provide reasonable seat-mile fuel burns on route 
stage lengths of 300 miles or more. 

An upshot of the new regional jet market is that airlines are withdrawing from 
short-stage-length commuter markets while expanding into increased-stage-length 
regional markets. They are, thereby, depriving an increasing number of small 
communities of scheduled passenger service. Twenty years ago, average low-density, 
shorthaul stage lengths were about 100 miles. Today, average stage lengths are 
approaching 200 miles, and they are increasing rapidly. 

As new turbofans were the enablers of the new regional jet aircraft and the 
expanding regional airline markets, it is reasonable to believe that additional, new 
mission-optimized turbofans could yield new aircraft for a revitalized, true, low-density, 
shorthaul market. It has been shown that it would be advantageous for the new 
turbofans to use the fan system designs investigated in this study. 


6.2 REDUCED NOISE WITH EFFICIENT, LOW-COST FANS 

The low tip speed, low pressure ratio fans that are subject of this investigation are 
expected to yield engines and aircraft having much lower community noise levels than 
any previously available examples. 

On average, properly matched engines using these fans will have both core and fan 
jet velocities less than half those of typical executive jet and commercial airliner 
turbofans. Combining the eighth-power-of-velocity law (applying to jets) and the fact that 
the engines will be substantially lower in thrust level, the average engine exhaust 
signature will be about 30 dB quieter than the average executive jet turbofan engine. It 
will be far quieter in takeoff, sideline and 1000 foot flyover noise than any governmental 
regulations currently in effect or even visualized. 

All but the highest pressure ratio versions of the efficient, low-cost fans premised in 
this study will have subsonic tip relative Mach numbers. Therefore, the characteristic 
buzzsaw signature contribution of transonic fans will be subliminal or non-existent. With 
fan blade passing frequencies of 1000 hertz or less at approach thrust settings, it is 
expected that approach noise profiles will be about equal to the aircraft on which the 
engines are installed. 

Furthermore, on the smaller turbofans to which this fan technology is applicable, the 
core compressor, core turbine and fan turbine blade passing frequencies are all well 
above the audible range of the human ear at normal thrust settings, from flight idle to 
maximum. Their contributions to aircraft noise will be nil. 

A specific evaluation was made of the 500-pound thrust class turbofan using the 
1 9-inch diameter fan subject of this study. In a comparative analysis, it was determined 
that the 1000-foot maximum-power flyover noise signature of a bare, unattenuated 
engine would be less than 65 EPNdB. This is less than the background noise level of a 
typical suburban general aviation airport. 
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7.0 CONCLUSIONS 


The conclusions that Advanced Propulsion Inc. has drawn from the results of i 
investigation are as follows: 

1. Conventional fan design practices and normal blade and vane aerodynam 
loading parameters can be used to design low-tip-speed fans for turbofan engines tfr 
are, in all respects, mission optimized for 200-to-400 knot aircraft. 

2. Low-tip-speed fan rotors and their accompanying stators can be produced fro 
aluminum alloys and some reinforced plastics at substantially lower cost than th 
titanium alloy fans that are current practice on executive jet and commercial airlin< 
turbofans. Based in the investigation results, the preferred, low-risk configurations ai 
aluminum alloy, integrally-bladed, NC-machined (from near-net-shape forging), blis 
rotors. For stators, the preferred solution is aluminum alloy, precision-investment-cas 
integrated stator and front frame assemblies. Total fan system manufacturing cost 
expected to be less than one-fifth that of similar-size titanium fan systems. 

3. When produced in quantities associated with general aviation and low-densit 
shorthaul aircraft, the efficient, low-cost fan systems will have equal manufacturing co 
and will weigh about one-quarter as much as constant-speed propellers capable i 
absorbing the same power. 

4. The first-cut preliminary design of an example fan system yielded a predict* 
efficiency of more than 91 percent adiabatic efficiency at 1.10 pressure ratio. It 
reasonable to expect that design refinement with advanced CFD methods, combine 
with test rig development, will yield efficiencies in the range of 92 to 93 percent. It 
expected this level of efficiency can be attained over the range of pressure ratios of 1 .( 
to 1 .35 and corrected flows between 35 and 1 50 pounds per second. 

5. Thicker, tailored blade sections and much lower rotational speeds yie 
substantial structural design margins for meeting FAA certification requirements f 
1 -pound and 4-pound bird strikes. 

6. Similarly, robust, subsonic blade sections and lower rotational speeds yield dui 
sand and rain erosion resistance equal to or superior to conventional, high-spe* 
titanium fans. 

7. Further structural design evaluations confirm the adequacy of low and high-cyc 
fatigue lives, adequacy of lightweight blade containment and potential for lightweig 
blade-off design solutions. 

8. Future turbofan engines using the efficient, low-cost fan system design metho 
and parameters used in this investigation will have lower community noise levels, by 
usual measuring methods, than any previous aircraft propulsion systems, by as mu< 
as 24 to 30 EPNdB. 

9. The overall propulsive coefficient, including adiabatic efficiency, ideal propulsi' 
efficiency and nacelle drag, of the efficient, low-cost fan system is greater than t 
typical, installed efficiency (including additive aircraft drag) of open propellers. 

10. Future general aviation private light aircraft and low-density shorthaul airline 
can benefit from this fan system technology in terms of greater aircraft performanc 
lower aircraft weights, improved fuel efficiency and much lower levels of commun 
noise and cabin noise/vibration. 
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APPENDIX A 


FAN STAGE AERODYNAMIC DESIGN 
UD0300 PROGRAM OUTPUT FILE 
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APPENDIX B 

FAN ROTOR BLADE STRESS/VIBRATION SOLID MODEL 
ANSYS OUTPUT GRAPHICS 
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